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ThiS limited diStrlbutioi report documem'ts the cooperative work of CERL *tid PNL on the use of bioasslys to detect cofltamination at hazardous chemical waste sites. With minor changes (Figures 5. 8 and 9 and associated discussion and thle section on costs, page 2. will be deleted), the manuscript will evetually be submitted for publication in a refereed Journal. technique) and bioassays as methods to define the areal extent of chemical contamination. The algal assay generally was most sensitive to samples of pure chemicals, soil elutriates and water from eight sites with known chemical contamination. Bioassays of nine samples of unknown chemical composition from the Rocky Mountain Arsenal (RMA) site showed that a lettuce seed soil contact phytoassay was most sensitive. in general, our bioassays can be used to broadly identify toxic components of contaminated soil, Nearly pure compounds of insecticides and herbicides were less toxic in the sensitive bioassays than were the counterpart commercial formulacions. This finding indicates that chemical analysis alone may fail to correctly rate the severity of environmental toxicity. Finally, we used the lettuce seed phytoassay and kriging techniques in a field study at RMA to demonstrate the feasibility of mapping contamination to aid in cleanup decisions. Samoiloff et al. (1983) have successfully used two bloassays, Salmonella typhimurium (Ames) and Panagrellus redivivus (a nematode), in concert with chemical fractionation, to identify toxic compounds in cores of lake sediments. They found that the Onost toxic fractions contained none of the priority toxic chemicals." Hoffmann (1982) , also offers nmutagenicity testing of environmental samples as a cost effective way to screen samples. Our view supported by data from this study as well as by Mount et al. (1984) , is that several different bioassays may be needed to assess environmental risk.
Tle matter of analytic costs is not trivial. Schaeffer et al. (1982) report that costs for complete chemical analyses of one sample can range from $2000 -$5000. As of June 1, 1984, one commercial laboratory (Aquatic Toxicology Division of Analytical Bio-Chemistry Labora ries, P.O. Box 1097, Columbia, Missouri 65205) advertised prices of $950 for a static 96-hour algal assay ind $650 for a 48-hour Daphnia magna test. Our preliminary calculations indicate that three replicate determinations of lettuce seed mortality (1C0% soil) would cost about $130 -$150. Thus the total cost per sample depends on the cl,emical analyses needed or the number of bioassays selected. Schaeffer et al. (1982) suggest compositing to reduce the overall cost. This proposal T.2rits serious consideration (Skalski and Thomas, 1984) . Other cost-reducing alternatives include the assays suggested by Samoiloff (1983 ) or Hoffman (1982 . Based on the studies discussed in this paper, microbial assays (e.g., dissolved oxygen and Microtox) may not be sufficiently sensitive. 
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The objectives of this study were to assess the comp~tdtive a; ftivity of test organisms to known chemicals, determine whether the cheiicc' rmponents in field soil and water samples containing unknown cortam. i -. could be inferred from our laboratoty studies usinig known chemicals, an. i investigate kriging (a relatively new statistical "mapping technique" ir bioassay results as a method to define the areal extent of contamination. In support of these objectives, we first present data on the response of the organisms listed in the Hazardous Materials Assessment Team (HMAT) test protocol (Porcella, 1983) to pure chemicals from three chemical subgroups %heavy metals, insecticides and herbicides);, their response to waste site soils, soil elutriates and water in an attempt to identify chemical components in samples where the major contaminants are known, and to Rocky Mountain Arsenal (RMA) waste site soils and waste water' basins where the chemical constituents must be inferred from past plant operations. Next, we present the results of a field study at RMA, designed to investigate whether bioassay results can be used to prepare a map of suspected contamination.
SENSITIVITY OF RIOASSAYS TO CHMICAL SUIRUPS

METHODS
All chemicals, waste site soils and surface water and groundwater samples were assayed using algae, Daphnla, earthworm and root elongation tests In accord with the procedures described in the HMAT protocol for iBoassesiment of Hazardous Waste Sites (Porcella, 1983) . The Microtox tests were conducted as outlined in the instrument operation manual (Beckmn, 1982) , while dissolved oxygen depletion rate was determined tising the method of Bauer, Seidler and Knittel (1981). Heavy metals (copper, cadmium, and zinc) oere prepared from ACS roagent grade hloride salts dissolved in deionized water, water soluble fractions of aldrin, dieldrin and endrin from reagents supplied by Chem Service, Westchester, Pennsylvania and the EPA Repository for Toxic and Hazardous Materials. Aldrin (6-152), dieldrin (6-115a) and endrin (5-171) supplied by Chem Service were 99% pure, and the reference analytical standards supplied by the EPA repository for -ldrin, dieldrin, endrin, chlordane, and heptachlor were certified to be 397% pure (5000 t250 ug/ml methanol). Dow 2,4-0 acid was 94% pure, while their Esteron 99 contained 2,4-0 at a concentration of 0.485 mg/ml. Chemicals supplied by the EPA Repository were added to deionized water at their water solubilities (as identified in U.S. EPA Water-Related Environmental Fate of 129 Priority Pollutants (EPA 440/4-79-029a and b)). Aldrin, dieldrin and endrin supplied by Chem Service were added to deionized water at 10 times their water solubility, mixed with a magnetic spinbar for 48 hrs at 24 ±2QC, and filtered through a 0.45 micron membrane filter prior to chemical analysis and bioassessment. Dow Esteron 99a and 2,4-0 were assayed at nominal concentrations based on their respective water solubilities (Worthing 1979) . Esteron was assayed as an emulsion in deionized water, while 2,4-0 was dissolved in alkaline (pH > 10.00 with NaOH) deionized water which was neutralized to pH 7.0 with HCI prior to bioassessment. Concentrations in excess of water solubility for aldrin, dieldrin, endrin, 2,4-0 and Esteron 999 used in the earthworm and Microtox assays were prepared using Spectro grade acetone prior to assay. Control assays were run using solvent blanks. The EC50 response values (LC5O for earthworms) for each of the chemicals investigated were obtained using methods in Porcella (1983) .
Average ECSO chemical concentrations and respective coefficients of variation (CV) from replicate experiments conducted with each test organism and chemical in a subgroup are reported in Tables 1 -3. Statistically significant differences in EC5O response to the chemicals within a subgroup were observed for several bioassay organisms. For example, zinc was significantly (P < 0.01) less toxic to algae compared to copper and cadmium ( Table 1 ). In addition, variances were sometimes significantly different (P < 0.05) for repeated assays and a single species and chemical subgroup (e.g., zinc compared to cadmium for earthworms, zinc and copper for wheat root elongation; variance ratio t-..st, Table 31 in Pearson and Hartley, 1962 ) regardless of whether a logarithmic transform was used or not. The fact that some mean EC5O differences and variances were significantly different (which indicates the bioassays can be useful in research studies designed to detect small differences due to metals) led us to summarize our data as ranges (Table 4) . This presentation also facilitated a comparison of species response for all chemicals in each of the three subgroups, i.e., the range of both parameters (means and CV's) for the heavy metal (copper, cadmium and zinc), herbicide (2,4-D, Esteron 99), and insecticide (aldrin, dieldrin, eidrin, chlordane, heptachlor) chemical subgroups in Tables 1-3 , are summarized in Table 4 .
Heavy Metals
When the ECSO or LC50 values obtained with each test organism for copper, cadmium and zinc are compared with literature values (Table 1) , no important differences are evident. The data in Table I also show algae and Daphnia to be the most sensitive to copper, cadmium and zinc, followed (in decreasing sensitivity or increasing tolerance) by results from the iicrotox, DO rate depletion, root elongation and earthworm bioassays. The CV ranges in Table 1 indicate that the Microtox bioassay generally resulted in EC5O estimates with low precision, while all other assays were generally less variable (i.e., CV <25%). Algae, on the other hand, were about 500 times less sensitive to 2,4-0. This is most likely due to the fact that 2,4-0 is an auxin analog, which stimulates destructive growth in higher plants where growth is auxin regulated.
Algae do not have auxin growth regulators, but react to inhibition of the photosynthesis energy transport process. Thus, as might be expected, the effects of 2,4-0 on higher plants and algae differ markedly.
In our experiments, 2,4-0 severely affected root elongation, while the algae, Microtox and Dapnnia assays resulted in much higher EC50 values (Table   2 ). Earthworms tolerpted the highest 2,4-0 concentrations which was similar to their response to heavy metals ( Table 3 ) where water soluble studies are reported.
to 2,4-D is quite different from that observed with heavy metals where the root elongation assay resulted in the second highest tolerance.
Comparison of the response of the test organisms to Esteron 99 (a commercial formulation which contains 44.9% 2,4-0 and undisclosed "inert" ingredients) and the response obtained using 94% pure 2,4-D acid (Table 2) shows that Esteron 9 9 s is significantly more toxic to algae, Daphnia, and Microtox. There was very little difference in root elongation response for the five plant species tested. Daphnia and algae EC50 values were similar for Esteron 990 but were 18 and 7.4 times more sensitive to Esteron 99* than to 2,4-0 acid respectively ( Table 2 ). The higher toxic response for Esteron 99 sugge!!ts that the "inert* components in the formulation are also active toxicants, or that the sample preparation process somehow affected bioavailability.
Insecticides
Water soluble solutions of aldrin, dieldrin and endrin were prepared from reagents supplied by Chem Service (dry powder) and the EPA repository of toxic and hazardous materials (in methanol). The resulting solutions were bioassayed (using HMAT organisms) in ordei to determine whether the same chemical (similar purities >97%) obtained from two sources produced the same response in test species. Toxic responses to both water soluble formulations of aldrin, dieldrin and endrin were only evident for algae and Daphnia ( Table   3 ).
The algae and Daphnia EC50 values for assays using EPA repository aldrin and endrin (Table 3) are higher than the EC5O values for the same insecticides supplied by Chem Service even though EPA formulations produced higher concentrations of the active ingredient. The active ingredients are present in higher concentrations in the EPA repository formulations (Table 5) at the maximum methanol concentrations in water soluble assay medium when EPA repository insecticide samples were assayed.
DISCUSSION
Our results suggest that algae and Daphnia are the most sensitive to heavy metals, followed in order of decreasing sensitivity by 00 rate depletion, Microtox, root elongation and earthworms (Table 1) . As expected, root elongation was most affected by the herbicide 2,4-0, followed in increasing order of tolerance by algae and Microtox, Daphnia and earthworms (Table 2 ). Algae and Daphnia were the only organisms sensitive to the insecticides tested (Table 3) . These results indicated that algae might be the most broadly sensitive test organism for assays using soil elutriates and water samples, since they responded to water solutions of the major chemical subgroups we studied. A larger group of chemicals must be tested to substantiate this finding. The differential response observed for 2,4-0 acid and Esteron 990 illustrates the value of bioassays in identifying additional (or perhaps synergistic) biotoxic components in chemical mixtures. in addition, these results indicate that a potential problem may exist if toxic effects are predicted for pure chemicals based on results using commercial formulations (or vice versa). Based on its 2,4-0 content, the Esteron" 2,4-D ( 9 preparation used in our studies should have had minimal effects on aquatic organisms. However, laboratory bioassays of thi. commercial formulation (as it would bi used in the field) indicate the material may be more toxic than its active ingredient. The lower EC5O's obtained using the Chem Service aldrin and endrin suggest the presence of a toxic constituent not present or bioactive in the EPA chemical reference standards. These results demonstrate the ability of algae and Daphnia to define differences in chemical toxicity due to formulation differences and reinforce the speculation that inert components might themselves be toxic or synergistic. Based on our results using pure chemicals it appears that one value of using a multi-media bioassessment protocol is that the change in tolerance levels of test organisms to different toxicants can be observed. This information can be used to identify those ecosystem components most susceptible to the presence of a toxicant, regardless of its specific chemical characteristics.
Im
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INTRODUCTION
A study using soils, soil elutriates, and water samples from the Rocky Mountain Arsenal (RMA) and seven other hazardous waste sites was initiated to ascertain if the HMAT test organisms and the modified Neubauer seed germination test (Thomas and Cline, 1984 , accepted for publication in Environmental Toxicology and Chemistry), would respond to the unknown chemi.-cal mixtures contained in these samples. The Neibauer test was added to the HMAT series because the earthworm soil contact test was not very sensitive in our research on pure chemicals. Addition of this assay allowed a better intercomparison of the toxic properties of elutriates and the soils themselves. Becausp of the high salt content of Basin F water samples from the RMA, preliminary wheat and lettuce seed germination bloassays were ccnducted (Thomas and Cline, 1984, accepted for publication in Environmental Toxicology and Chemistry) which showed that copper, sodium nickel or arsenic, alone or in combination were not toxic at levels found in Basin water used in these'studies.
RESULTS
Rocky Mountain Arsenal
Bioassays of soil elutriates from site 085 at RMA ( Figure 2 for sample location; see Figure 1 for RMA location) show that the assay using algae was approximately 10 fold more sensitive than the Daphnia assay (Table 6) . No response was observed for Microtox and lettuce root elongation (RE), while the earthworm soil test for sample 085' had an LC5O value >25% soil. Such results are typical of those for low levels of heavy metals (Table 2 ). In contrast, soil sample 092 (from the Basin A lime pit, section 36, Figure 1) shows a different and increased toxicity pattern for Daphnia, Microtox, RE and earthworms, suggesting a stronger influence from the organic compcnents in this sample. Both the Basin F waste water (a holding basin for toxic wastes) and a sample of Basin F well water (well number 26008 located in section 26, Figure 1 ) were toxic to most HMAT organisms tested. Basin F water was toxic to all organisms tested with EC5O values <1.0% dilution, while F basin well water was much less toxic to algae, Daphnia and RE, and was not toxic at all to the Microtox assay. The assay results for RMA soil elutriate samples from samples I to 9 (upper right in Figure 2 ) are unique in that, except for site 7, these soil elutriates caused algal growth stimulation, rather than growth depression. This lack of an algal toxic response r" The earthworm and modified Neubauer soil contact bioassays for the same RMA samples c)nfirm some of tne lettuce root elongation rerults ana, unlike the other soil elutriate tests, show the presence of bioactive toxicants at sites 1-8 and low toxicity at site 9. Earthworm LC50's ranged from <25% to 62% soil for the same samples, and the sample from site 7 was the most toxic.
Other Waste Sites
Evaluation of the response of HMAT test organisms to the other seven hazardous waste site soils and soil elutriates where major contaminants have been identified (Table 7) , shows algae to be the most sensitive test organism to the bioactive components in all samples except those of the Thiokol waste site (sensitivity of Daphnia and algae appeared to be equal fcr the Hollywood site sample).
At the Western Processing #22 and Big John Houldt sites,
Daphnia assay results would cause these samples to be classed as low in toxicity potential (Porcella (1983) uses low, moderate, moderately high, and highly toxic to describe EC-50 values >75%, 50-75%, 25-50%, and <25% elutriate dilution, respectively), whereas the algae assay results can be interpreted as giving a highly toxic response. Microtox assay results confirm the highly toxic nature of the Western Processing #22 elutriate, but the Microtox assays were insensitive to the samples from the Western Processing #!, Sapp Battery and Thiokol sites. The lettuce root elongation test was the least sensitive to soil elutriate samples from these seven waste sites. With the exception of the Thiokol site, the earthworm soil test was usually less sensitive than algae and Daphnia elutriate assays, but generally gave results corresponding to those of the root elongation and Microtox tests.
We previously established that the root elongation, Microtox and earthworm tests are not very sensitive to three heavy metals ( Table 1) . Based on the assays of Western Processing #11 and #22 soils, it appears that the earthworm assay may not be affected by phthalates. However, earthworms were the only test organism to respond to the major chemical, diphenylamine, in the Thiokol soil sample. Unlike most of the RMA samples and the Thiokol sample, the other seven waste site soil elutriates apparently contained toxic water soluble chemicals. The algal assay is sensitive to these water soluble components. Based on this assay alone, five of the seven sites would have been deemed highly toxic (EC50 values ranging from 0.2 to 22%), the Sapp Battery sample would be moderately toxic and the Thiokol elutriate would be designated non-:oxic (the earthworm assay suggests that this sample is moderately toxic).
DISCUSSION
A comparison of the soil elutriate and earthworm and lettuce seed soil contact assay results based on RMA samples suggest: 1) that these soils contain very low levels of water soluble hea-" metal and pesticide contaminants; 2) that if the heavy metals are soluble they are bound to organic compounds which chelate them so that they are not bioactive, and thus are not toxic to algae, Daphnia and Microtox; 3) that the water soluble toxic components in these soils are leached as a function of time or are strongly adsorbed to the clay and organic fractions, but are avallable to earthworms and lettuce seeds; or 4) disappeared during preparation or testing of elutriates.
We believe that the results, based on bloassays from seven additional waste sites, offer an initial validation of our test protocol premise that a group of diverse bioassays Is preferable to any single test and that the response of specific organisms can aid in identifying which ecological compartments may be impacted by known or unknown chemical wastes. Although we were able to rank these specific waste site soil samples, the extent of toxicity cannot be ascertained without intensive field sampling.
FIELD STUDY
To demonstrate the utility of bioassays in chemical hazard assessment, we conducted a field study at RMA in Commerce City, Colorado. The site had been used for the manufacture of antipersonnel gases, herbicides, and insecticides, and as an ordinance testing area. Over the years a myriad of organic and inorganic compounds were carried through ditches to a series of interconnecting holding basins for disposal. Complete chemical characterization of the site would be very expensive, and this situation offered an excellent bioassay opportunity. Previous lettuce seed bioassay results using RMA soil samples (Table 6) For example, the first two points in each transect were in the trench, which was very wet and soft, and the samples frum these points were difficult to obtain. Since it was impossible to sample by depth, two surface samples (to 15 cm deep) were taken from these points with a hand trowel. Sample points L, N and P-3 were just over the south bank of the trench and could not be reached from the drill rig. At these points, the split spoon was hammered into the ground and extracted by hand. Only a 0-15 cm sample was obtained from each of these points; the soil from 15 cm to 30 cm was too wet to stay in the split spoon. A surface sample of undefined depth was taken from M-3 since the entire profile was very wet. Samples 4 through 9 in each transect were obtained using the drill rig as discussed above. On arrival at our laboratory, the samples were air dried and sieved through a j in. screen.
PHYTOASSAY OF SOIL
We elected to use lettuce seeds exclusively in the phytoassays because our prior results showed that they are more sensitive than other seeds. The mortalities (mean of three subsamples from each core fraction) observed at points 1-3 in each transect were based on the same soil sample and could be considered a measure of experimental reproducibility, since subsamples from these three points were assayed in two different experiments (i.e., the 0-15 cm fractions were run as one experiment and the 15-30 cm samples were assayed two weeks later, Table 8 ). The maximum mortality difference between the subsamples in these two experiments was about 15% (6 seeds of 40, sample P-3) for samples which were reassayed (control and samples 1-3, all transects). Thus, if mortality differed by >15%, as a function of depth, we considered the differences real. Using this rule, only sample (L7) in either transect L or N showed any lettuce seed mortality difference attributable to depth. However, four samples in transect M and three in transect P showed differences greater than 15% mortality, suggesting that the contaminants had either migrated below 15 cm or were purposely placed there. We found no records to support the latter argument and conclude that the toxic material had migrated.
RESULTS FROM OTHER BIOASSAYS
The results for all other HMAT bioassays conducted on Basin A soils are in Table 9 . Sample availability either precluded analyses or curtailed the number of assays that could be conducted. Daphnia or Microtox bioassay results are not included because no response was observed in 10 and 36 assays, respectively.
Results from the algal assay revealed that small quantities of elutriate from all but four samples were stimulatory (SC20). The four elutriate samples which inhibited algae were obtained on or very near the waste trench on transects L and N. According to the criteria outlined in Porcella (1983) these sites would be classified as moderately toxic. Interestingly, only 1% to 14% elutriate from transect M samples was needed to stimulate algal growth. Based on the algal bioassay results, we conclude that the toxic components detected using lettuce seeds (Table 8) , were probably not water soluble heavy metals, herbicides or insecticides (except perhaps sites L(2-4) and N2) since our results using pure chemicals (Tables 1-3) showed depressed algal growth in the presence of these contaminants.
Results of the earthworm bioassay are presented as a function of lettuce seed mortality in Figure 3 . Except for plot P3 soil, earthworms are severely affected when placed in Basin A soil samples where lettuce seed mortalities are over 70%. In contrast, the five soil samples which caused 20 to 70% lettuce seed mortality resulted in no earthworm deaths. Thus, for these Basin A samples, it appears either that lettuce seeds are more sensitive to lower levels of a toxic component that does not affect earthworms, or that earthworms are more resistant to the same toxicant. ,.4"
a c 1.
-. Results from the lettuce root elongation (based on elutriates) and the lettuce seed mortality (based on intact soil) bioassays are compared in Figure 4 . There appears to be little correlation, perhaps with the exception of samples from Transect L. Bioassay results from Transect P samples indicate that high lettuce seed mortalities are accompanied by about ±15% change in root elongation (i.e., no correlation at all). Thus, the phytotoxic component that impairs lettuce seed germination either is not water soluble or does not affect root elongati.)n. As expected (based on Figures 3 and 4) , the results of earthworm mortality and lettuce root elongation are not correlated ( Figure 5 ). One way to depict the lettuce seed mortality patterns at each depth (Table 8) is to devise a contour map, based on the observations. We prepared a map of lettuce seed mortality using a relatively new statistical technique called kriging, developed for use in the mining industry and used principally in Europe and South Africa (Journal Lnd Huijbregts 1978 , Clark 1982 . Kriging is a weighted, moving average technique to calculate point estimates or block averages over a specified grid. The derivation of the kriging weights takes into account the proximity of the observation to the point or area of interest, the structure of the observations (i.e., the relationship of the squared difference between pairs of observations and the intervening distance between them) and any systematic trend or drift in the observations. Additionally, kriging provides a wriance estimate that can be used to construct a confidence interval for the true value. Contour maps are prepared from the kriging estimates. Our results; presented in Figures 6 and 7 , clearly show the lettuce seed mortality differences at the two depths. Estimated contamination is greater at 15-30 cm than at 0-15 cm. This is also indicated by our qualitative analyses of results in Table 8 . We believe that such maps could be useful in site cleanup decisions. As a possible scenario, we have selected 300 lettuce mortality as a criterion for cleanup of this Basin A site (Figures 8 and 9) . The areas enclosed by the solid lines would be targeted for cleanup. Unfortunately, the cleanup decision would be different for the 0-15 cm (Figure 8 ) and the 15-30 cm (Figure 9 ) fractions. While this difference complicates decision making, the available data (Table 8 ) and the kriging maps (Figures 6 and 7) show that the field situation is complex, and that cleanup decisions based solely on either The crosshatching in Figures 8 and 9 shows areas where we estimate that mortality was actually greater than 30%. We constructed these "boxes" by simply drawing a line halfway between grid points with observed mortalities greater than 30% and those less than 30%. Thus, the crosshatched box at the top of Figure 8 is a consequence of the observed mortality at plot N-9 (42%) and the surrounding plots, P-9, N-8, and M-9, exhibiting mortalities less than 30% (Table 8 ; 22, 7 and 14% respectively). The kriqing >30% contour apparently does not include this area or high mortality samples at L-6 (100% observed mortality) because we estimated mortality over small blocks of area. Had we used punctual or point kriging, the actual observations would be predicted by kriging.
We believe that the use of bioassay of field samples and subsequent kriging analyses offers a practical method to aid in cleanup decisions, especially when accompanied by error estimates for the mortality isopleths. We did not present confidence limits here (limits are dependent on data density, whether block or point kriging is used and the contour of concern; the limits in our study averaged between ±10 and 25%) because we believe additional demonstrations in diverse environments are needed before we can ascribe general applicability to the entire procedure.
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DISCUSSION AND CONCLUSIONS
We have conducted a three-phase research program to assess the comparative sensitivity of test organisms to known chemicals, determine the chemical subgroups in field samples using bioassays, and to map the extent of contamination at hazardous chemical waste sites using bioassay results and kriging.
Tests using heavy metals (copper, cadmium and zinc) showed that algae and Daphnia bloassays were most sensitive, followed, in order of increasing tolerance, by the Microtox, DO rate depletion, root elongation and earthworm (soil contact) bloassays. Good within-organism and element test precision was attained as evidenced by CV values below 2S%. Root elongation was nost sensitive to 94% 2,4-0 acid and a commercial 2,4-0 formulation (44.9% pure). Algae, Microtox and Daphnia exhibited similar 2,4-0 tolerances, while earthworms were most resistant. We also found that the 44.9% 2,4-0 formulation was between 7 and 18 times more toxic to algae, Daphnia, and Microtox than the nearly pure 2,4-0 acid, which indicates that the inert coiponent of the commercial formulation was also toxic. Only algae and Daphria exhibited a toxic response to water soluble forms of the insecticides aldrin, dieldrin and endrin from EPA repository and connercial sources. As iith the two herbicide sources, the comrercial form of two of the insecticides was more toxic. Thus, testing of herbicides and insecticides intended for field use suggests that bioassays may be necessary to assess the bioavailability of components in commercial product formulations. Results from use of all three chemical subgroups indicate that the algae bioassay may be the most sensitive. Since earthworms appeared to be most resistant to chemicals from the three subgroups, we developed an additional, more sensitive, soil contact phytoassay based on lettuce seed germination.
Our evaluation of soils, soil elutriates and surface and groundwater samples, from the Rocky Mountain Arsenal (RMA) and seven other sites where the major contaminants were known, shows that results from bioassays can aid in ascertaining the presence or absence of sore types of contamination.
Again, algal bioassays were generally most sensitive, but it usually would not be possible to ascertain the toxic components in the absence of other assay results. Bioassays of nine additional RMA samples, where the contaminant history was unknown, showed that the earthworm and lettuce seed soil contact bioassays were most sensitive, while elutr 4 ates stimulated algal growth. The lettuce root elongation test, using 100% elutriate, aTso indicated the presence of toxic components, but was less sensitive than the lettuce seed soil contact test. We believe that these results suggest the presence of low levels of water soluble metals and possibly pesticides.
In order to illustrate how bioassay results could be used to map the toxic potential of a waste site, we conducted a small-scale field study in a portion of Basin A at the Rocky Mountain Arsenal. We developed seed mortality maps by kriging the results from lettuce seed phytoassays of 36 logarithmically spaced soil samples (about 4000 m 2 ) at two depths (0 -15 cm and 15 -30 cm). Estimated mortality over the sampling area (as well as observed mortality at sample points) was greater at the 15 -30 cm depth. These results indicate that bioassay of soil samples from a statistically designed field study area, accompanied by kriging, can aid in defining the extent of contamination and in site cleanup decisions. Other bioassays conducted using these same samples (when sufficient sample was available) indicate that the modified lettuce seed phytoassay 'was most sensitive, followed by the earthworm assay. Earthworm mortality aas only correlated with lettuce seed mortality when the latter parameter was over 70%. Thus, the earthworm assay may lack sensitivity for mapping certain sites.
